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ABSTRACT
Flow boiling in micro-channels have significantly different characteristics from flow boiling in larger channels. One
particular behavior of micro-channel boiling is the instability that results in oscillations and flow reversals. This has
been a unique challenge for researchers, and a satisfactory solution that eliminates the instability without a
substantial performance penalty has not been found. In this study, a simple analytical model based on mass and
momentum conservation is developed to identify the mechanistic conditions corresponding to the conditions of flow
reversal in a boiling flow in micro-channels. The results indicate that flow reversal can occur when a rapid
evaporation occurs near the inlet of the channel. The model also confirms the observations of existing studies that, if
a large pressure differential in the channel is imposed in combination with a throttling section before the inlet, the
flow reversal can be suppressed.

1. INTRODUCTION
Flow boiling in long channels is a well-established heat transfer mechanism utilized by numerous thermal
applications such as power generation, refrigeration, and chemical processing industry. In the past, researchers have
conducted extensive studies to characterize heat transfer and flow behavior of flow boiling in tubes. The general
goal of these investigations is to attain high heat transfer, low pumping power, and reliable system operation. In flow
boiling experiments, complexities arise due to the presence of multiphase flow and other important effects, e.g.
surface roughness and multi-component fluid (Carey, 2007). Therefore, discrepancies are found among independent
studies, and an accurate prediction of flow boiling heat transfer and friction experiments is more difficult in
comparison to single-phase flows. In recent years, an increased number of studies appeared on flow boiling in small
diameter channels, which is highly desirable for compact size. In single-phase flows, decreasing channel diameter
has a benefit of increased heat transfer coefficient but with a penalty of increased pressure drop (Bergles et al.,
2003). Based on diameter, channels are divided into traditional (>3 mm), mini- (0.2 - 3 mm), and micro-channels
(10 - 200 m) (Kandlikar, 2002). Flow boiling in mini- and micro-channels has drawn much attention for electronics
cooling applications due to the potential of high heat flux. The experimental studies of micro-channel flows were
further assisted by the recent development of microfabrication techniques.
Heat transfer and friction characteristics of flow boiling in micro-channels differ from larger size channel flows. For
example, surface tension effect dominates whereas gravitation effect is negligible in micro-channels—this leads to a
different two-phase flow regime for micro-channels. Also, multi-port parallel micro-channel flow can show
significant fluctuation of low regime in time (Nino et al, 2003). A unique challenge in micro-channel flow boiling
application is the characteristic instability which is due to the negative slope of pressure drop vs. mass flux curve for
conditions when heat flux is higher than a threshold value for any given set of parameters. Wall superheat tends to
be higher for boiling in smaller channels, which can result in a rapid evaporation (Kandlikar, 2004). The increased
velocity due to large specific volume of vapor causes a significant increase of pressure drop, resulting in a reduced
mass flow rate. In a parallel micro-channel flow, which is a typical arrangement for compact heat sinks (e.g.
electronics cooling), this fluctuation of individual channel pressure drop can interact with other channels, resulting
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in a significant flow instability and mal-distribution, often manifesting as local flow reversal (Kandlikar, 2002;
Balasubramanian and Kandlikar, 2005). Elongated bubbles typically observed in micro-channel flow boiling have
been suggested to have a liquid-only region, a thin film region (dominating heat transfer), and a dry-out region (low
heat transfer) which lasts until a subsequent liquid front arrives (Dupont and Thome, 2005). Such dry-outs can
account for a reduced heat transfer coefficient. It has been reported that flow boiling instability in micro-channels
result in a severe reduction of critical heat flux (CHF), with a prevailing dry-out (Kandlikar et al., 2006).
A few attempts have been made to manage the boiling instability. First, inserting a flow restrictor at the inlet of each
channel can suppress or eliminate the flow fluctuations (Mukherjee and Kandlikar, 2004). However, this method
incurs a large pressure drop. A different method employs channels with a diverging cross section which tend to
stabilize the flow (Lu and Pan, 2008). This method however encounters a geometrical limitation (e.g. channel
length). Another method aims at reducing wall superheat by making artificial nucleation cites on channel walls
(Kandlikar et al., 2006). This method has been found to be beneficial when used in combination with other flow
stabilizing methods. When only the nucleation sites were used, however, a more severe instability was observed. Lu
and Pan (2009) had similar findings that combining nucleation sites with diverging channel section stabilizes microchannel flow boiling.
In summary, studies of micro-channel flow boiling instability are still limited in the literature and the fundamental
understanding is insufficient for making predictions of flow boiling instability. In this study, a simple analytical
model is developed to predict if flow reversal will occur in a boiling flow in mini- and micro-channels. The
relationships among overall pressure drop, mass flux, location of liquid front, inlet restriction, and evaporation rate
are explored.

2. FLOW MODELING
Boiling in a channel flow is illustrated in Fig. 1(a), where subcooled liquid enters the channel and is subsequently
heated from the wall. The liquid then evaporates as it goes through the two phase region between saturated liquid
(x=0) and saturated vapor (x=1) in the figure. Then the vapor is superheated further downstream. Under the design
condition, the subcooled and superheated sections should not be long, due to a lower heat transfer coefficient with
single phase flow. The flow is inherently unsteady due to bubble nucleation and movement of capillary interfaces.
Furthermore, a significant superheat can exist which can lead to an abrupt and rapid evaporation of vapor
bubbles/plugs.
Subcooled liquid

x=0

Two-phase region

x=1

Superheated vapor

Flow

𝒒"
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Figure 1: Schematic of flow boiling in a channel; (a) actual flow, (b) simplified model
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2.1 Assumptions
Fluctuations of mass flow rates in individual channels of a parallel flow configuration can be absorbed by other
channels, resulting in overall small changes of pressure drop from the inlet manifold to the outlet manifold. In the
context of mass and momentum conservation, the two phase zone in the flow is simplified as two parts: liquid only
and vapor only zone, divided by the axial location z where the liquid front or evaporating bubble interface is. The
channel pressure drop can be calculated by dividing the flow into two single-phase regions. The movement of this
interface (or liquid front) is related to available local superheat. Figure 1(b) illustrates the flow after applying the
simplifying assumptions.
Local superheat depends on the thermal boundary condition and the fluid particle movement history. Instead of
considering thermal conditions, the velocity of the liquid front interface is explored as a given parameter in the
present study. In summary, the following assumptions are employed for the modeling:






Inlet to exit pressure drop is constant.
Both liquid and vapor flows are fully developed and laminar.
Properties of liquid and vapor phases are assumed to be constant corresponding to the property values of
saturated water at the reference temperature.
There is one dominant liquid (bubble) front in the channel, which divides the flow into an all liquid zone
and an all vapor zone. All evaporation is assumed to happen at the liquid front, i.e. quality changes from
zero to one at the interface.
Pressure differential at liquid front interface due to surface tension is neglected.

From the result of the model calculations, the liquid flow was found to be always laminar. The vapor flow was also
mostly laminar but in sometime cases reached a Reynolds number up to 3000.

2.2 Sample Dimensions and Test Conditions
Table 1 gives the geometrical and operating parameters used in the sample modeling. Using the set of equations in
the next section, the flow behavior will be modeled analytically parametric effects will be explored.
Table 1: Sample configurations and conditions
Parameter
Boiling fluid
Channel geometry
Saturation temperature for properties (°C)
Channel width (mm)
Channel height (mm)
Channel length (mm)

Value
water
rectangle
100
1
0.2
50

2.3 Hydrodynamic Modeling
Conservation of mass across a liquid front interface moving at a velocity V is described by:

 f uf  V    g ug  V 

(1)

The total pressure drop in the micro-channel flow is obtained by adding pressure drops by inlet throttling, liquid
channel flow, vapor channel flow, and acceleration due to evaporation at the liquid front:

ptot  pth  pf  pg  pev
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Equation (2) represents momentum conservation. In this study, total pressure drop is considered a given parameter
which is a constant. Pressure drop by inlet restriction (throttling) is:

pth  Cth

Gf Gf

(3)

f

Gf   f uf

(4)

Note eq. (3) can accommodate negative pressure drop under a reverse flow condition. Throttling coefficient (Cth) is a
constant for the given geometrical restriction. Pressure drops by liquid flow and vapor flow are:

z  f uf
pf  f f
Dh 2
pg  f g

2

(5)

L  z   g u g 2
Dh

(6)

2

Darcy friction factor for a fully developed laminar channel flow can be obtained by the following equations:

Po
Re Dh ,f

ff 

(7)

h
Po  function  
 w
GD
Re Dh ,f  f h

(8)
(9)

f

Dh 

4 Ac
2wh

w  h
P

(10)

Equation (8) is evaluated by interpolating a tabulated data for rectangular channels (Bergman et al., 2011). Note that
Poiseuille number for a fully developed laminar flow in rectangular channel depends only on channel aspect ratio.
Pressure drop by the acceleration due to evaporation at the liquid front interface which is moving at a velocity V is
describe by eq. (11).

pev   g ug  V    f uf  V 
2

2

(11)

Average heat flux is calculated by the following:

q  

 g u g  V Ac h fg
2w  h L

(12)

If given the total pressure drop, and the location and the velocity of liquid front, the above equations can be solved
to obtain the mass fluxes and the pressure drops in the liquid and the vapor flow regions, for a given channel
geometry and fluid properties. In the next section, the effect of the location of liquid front interface (z) and its
velocity (V) on the channel flow is examined using these model equations for a micro-channel flow boiling of water
for parameters in Table 1. Also, the effect of inlet restriction is examined by comparing with the case of no inlet
restriction, in terms of flow reversal suppression. The accuracy of this study is limited due to the assumption of a
single-phase laminar liquid or vapor flow for a boiling flow in a micro-channel. However, in consideration of the
dominant pressure drop due to high vapor velocity, the current simple model gives a meaningful assessment of flow
reversal and the relevant conditions.
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3. RESULTS AND DISCUSSIONS
Due to the large increase of specific volume during the evaporation, vapor flow velocity is significantly higher than
the liquid velocity. This leads to the fact that pressure drop in the channel is dominated by the vapor flow region.
Figure 2 has been obtained by solving equations (1)-(11) with a given total pressure drop and no inlet throttling, for
a set of distinct locations of stagnant liquid fronts. The figure shows that mass flux decreases if the liquid front
interface is located near the inlet, which means a longer vapor section in the channel. It can be noted that pressure
drop in the liquid flow is insignificant. The vapor flow pressure drop and the liquid interface pressure drop are
comparable and they trade off with each other.
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V bubble = 0 m/s
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Figure 2: Pressure drop and mass flux with a stagnant liquid front interface at different axial locations
In Figure 3, when the liquid front (i.e. bubble) is closer to the exit (z/L=0.7), the vapor section is shorter, and as a
result, mass flux is higher. When liquid front is moving toward upstream direction (V<0), mass flux decreases
systematically due to an increased rate of evaporation (i.e. liquid moves across the evaporating interface faster).
Upstream movement of liquid front can happen when a significant amount superheat is suddenly consumed by a
rapidly expanding vapor bubble/plug, generating a large amount of vapor. This effect is more pronounced when the
liquid front is near the inlet (z/L=0.3) because vapor section is longer. As shown in Fig. 3, reversal of liquid flow
can occur when rapid bubble expansion occurs near the inlet region. Figure 4 shows that liquid section pressure drop
becomes negative when flow is reversed. This means that a maximum pressure is occurring within the channel at the
liquid front (on the liquid side of interface).
Figures 3 and 4 also show that an upstream propagation of liquid front interface is not always an indication of a flow
reversal. For a movement of the interface less than 0.05 m/s in the upstream direction, liquid mass flux is still
positive, meaning that the flow is not reversed. Thus, such a visual observation from an experiment should be
carefully examined before concluding it as a flow reversal.
The choice of liquid front interface velocity between -0.1 and 0.1 m/s in this study is rather arbitrary. It was found
that, by reducing the flow length by 50% and reducing the total pressure drop by 75%, a comparable heat flux was
obtained but a flow reversal occurred at a interface velocity below 0.05 m/s in upstream direction (i.e. -0.05 < V < 0).
For pressure drop calculation, the following two flow conditions produce nearly the same total pressure drop:
(i) a stagnant liquid front interface—liquid velocity is constant.
(ii) an upstreamwise moving liquid front which is passing the same location as case (i)—liquid velocity is zero.
This means that anywhere between these two situations can be a possible flow state; in other words, the flow is not
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uniquely determined by given geometry, mean heat flux, and pressure differential. In reality, however, local thermal
conditions may determine the flow state, i.e. liquid front behavior.
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Figure 3: Liquid mass flux for different liquid front location and speed (no throttling)
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Figure 4: Liquid pressure drop for different liquid front location and speed (no throttling)

Figures 5 and 6 show that, when a throttling section (i.e. a restriction) is installed at the inlet of the channel, mass
flux becomes less sensitive to the rapid bubble growth in the channel. For all conditions, liquid flow is not reversed,
although a nearly reversed condition occurs for z/L = 0.3 case. This is consistent with the observations by Kandlikar
et al. (2006), where inlet restrictors help stabilize parallel micro-channel evaporator.
Kandlikar and co-workers also noticed that artificial nucleation sites alone can cause a worse instability than a
smooth channel. This can be explained by the current model results that liquid front/bubble interface near the inlet of
the channel can more easily choke the flow and turn it into a reversal. Nucleation sites near inlet of the channel can
cause an easier formation of bubble near the inlet.
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Figure 5: Liquid mass flux for different liquid front location and speed (with throttling)
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Figure 6: Liquid pressure drop for different liquid front location and speed (with throttling)

6. CONCLUSIONS
A simple hydrodynamic model was developed to predict flow reversal behaviors in micro-channel flow boiling. The
model was tested with a sample micro-channel geometry and fluid properties, and parametric effects were studied:





Flow reversal is most likely when liquid front interface is moving upstream near the inlet of channel.
A visually observed movement of liquid/bubble interface in upstream direction is not always a reversal.
For a given geometry and thermal-hydraulic boundary conditions, micro-channel flow boiling can occur in
multiple states; i.e. flow solution is not unique.
Inlet flow restriction (throttling) can suppress flow reversal in micro-channel boiling but requires a large
pressure differential to accomplish a similar thermal performance to the case without inlet restriction.
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NOMENCLATURE
Ac
Dh
f
G
h
hfg
L
p
Po
q"
u
V
w
x
z

cross-sectional area
hydraulic diameter
Darcy friction factor
mass flux
channel height
enthalpy of evaporation
channel length
pressure
Poiseuille number
heat flux
mean flow velocity
liquid front interface velocity
channel width
quality
axial location of liquid front

Greek symbols

viscosity

density

(m2)
(m)
(–)
(kg/m2s)
(m)
(kJ/kg)
(m)
(Pa)
(–)
(kW/m2)
(m/s)
(m/s)
(m)
(–)
(m)

Subscripts
1; 2
inlet; outlet
ev
evaporation
f
liquid
g
vapor
th
throttling
tot
total

(Pa-s)
(kg/m3)
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